Non-coding sequences of frog embryo endoderm poly (A+) nuclear RNA are AU-enriched, as compared to those of ectoderm and mesoderm. Endoderm blastomeres contain much less H1 histone than is present in ectoderm and mesoderm. H1 histone preferentially binds AT-rich DNA sequences to repress their transcription. The ATenrichment of non-coding DNA sequences transcribed into poly (A+) nuclear RNA, as well as the low amount of H1 histone, may contribute to the higher transcription frequency of mRNA of endoderm, as compared to that of ectoderm and mesoderm. A greater accumulation of H1 histone in presumptive mesoderm and ectoderm may prevent transcription of endoderm specifying genes in mesoderm and ectoderm. Experimental upregulation of various transcription factors (TFs) can redirect germ layer fate. Most of these TFs bind AT-rich consensus sequences in DNA, suggesting that H1 histone and TFs active during germ layer determination are binding similar sequences.
Introduction
This review considers how the base composition of regulatory DNA sequences influences the binding of transcription factors (TFs) and chromatin proteins during germ layer determination. The specification of ectoderm, mesoderm and endoderm is an example of cell and tissue determination of phenotype. It is believed that determination is due to repression of alternative possible fates in pluripotent cells. In contrast, cell and tissue differentiation involves activation of certain tissue specific genes. Prior to restriction of alternative possible phenotypes during determination numerous tissue specific genes are transcribed at low levels. In Xenopus early gastrulae many blastomeres express markers of two or more germ layers (Wardle and Smith, 2004) . By late gastrulation most blastomeres express markers characteristic of their position in the embryo. Both Xenopus oocytes (Simeoni et al., 2012) and mouse embryonic stem (MES) cells (Efroni et al., 2008) transcribe various tissue specific genes. TFs that bind DNA during germ layer determination are not germ layer specific. Some tissue specific TFs do operate during the process of differentiation, but they appear after cell determination has occurred. For example, the muscle-specific TFs MyoD and myf5 appear after muscle determination has taken place in mouse (Tajbakhsh and Buckingham, 1994) and chick (Williams and Ordahl, 2000) embryos. Restriction of alternative germ layer fates during determination likely is a progressive process. This idea is supported by the transitory existence of mesendodermal (Loose and Patient, 2004; Tada et al., 2005) and neuromesodermal stem cells (Gentsch et al., 2013) during germ layer determination in Xenopus embryos.
Experimental regulation of germ layer fate by chromatin proteins
An ectopic increase of H1 histone restricts the area of muscle differentiation in Xenopus embryos, while reduction of H1 enlarged this area Mechanisms of Development 138 (2015) 
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Mechanisms of Development j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / m o d (Steinbach et al., 1997) . The homeodomain protein Msx1 cooperates with a linker histone to repress muscle differentiation of Xenopus animal caps cultured with activin (Lee et al., 2004) . Knockdown of this linker histone, while maintaining Msx1 presence, abrogated repression of muscle differentiation of mammalian myoblast cells, illustrating H1 as the primary repressor.
The homeodomain TF Oct4 promotes mesoderm and endoderm fates in embryonic stem (ES) cells, while repressing neural determination (Thomson et al., 2011) . Overexpression of Oct4 induces mesoderm and endoderm markers in ES cells (Niwa et al., 2000) . Sox2, with its single HMG box, represses mesoderm and endoderm, while promoting the neural lineage (Thomson et al., 2011) . Ectopic Sox2 expression in ES cells induced neural differentiation (Kopp et al., 2008; Zhao et al., 2004) . Sox proteins are not tissue specific since they function during differentiation of numerous cell types (reviewed by Lefebvre et al., 2007) . For example, Sox17 is both required and sufficient for endoderm determination in Xenopus embryos (reviewed by Woodland and Zorn, 2008) . However, Sox17 also functions during oligodendrocyte differentiation (Sohn et al., 2006) and hematopoiesis (Matsui et al., 2006; Kim et al., 2007) in mouse embryos. Primitive endoderm specification in mice can occur in Sox17-null embryos (Artus et al., 2011) .
Overexpression of the high mobility group (HMG) chromatin protein HMGB, with its two HMG boxes, repressed ventral lateral mesoderm genes in zebrafish and Xenopus embryos (Cao et al., 2012) . This also expanded the area of expression of certain ectoderm-specific marker genes. The HMG boxes of Sox proteins and HMGB proteins account for their binding to chromatin DNA. Sox proteins can either activate or repress target genes and this is due to sequences apart from the HMG box (reviewed by Komachi and Kondoh, 2013) .
Overexpression of GATA-4 induces endodermal (Fujikura et al., 2002) and mesodermal (Turbendian et al., 2013) differentiation of MES cells. The GATA-4 and GATA-6 zinc finger domain TFs are essential for both heart and gut development in zebrafish embryos (Holtzinger and Evans, 2005) . GATA-4 and FoxA1, a forkhead domain TF, decondense chromatin compacted by H1 histone both in vitro (Cirillo et al., 2002) and in vivo (Taube et al., 2010) . This "opening" of chromatin would allow access to other TFs, as well as the chromatin proteins H1 histone and the HMG proteins.
Enhancer activation can be due to relief of their repression caused by chromatin condensation (Majumder et al., 1997) . Enhancers contain transcription factor binding sites (TFBS) and this suggests that the extent of chromatin condensation could regulate TF binding. Binding of dephosphorylated H1 histone to chromatin in an in vitro system causes its compaction (Clausell et al., 2009) . HMGA displaces chromatin-bound H1 histone in an in vitro system (Zhao et al., 1993) . The fact that each of the classes of HMG proteins, A, B, N, competes with H1 histone for common chromatin binding sites (Catez, 2004) suggests each of the HMG proteins can displace H1 histone from chromatin. HMGA has been shown to activate an enhanceosome (Yie et al., 1999) . In Drosophila embryos the relative amounts of H1 histone and HMGD1, the only HMG protein in Drosophila, predicts gene activity (Nalabothula et al., 2014 ). There is a high level expression of HMGA2 in human embryonic stem (HES) cells and the HMGA2 protein increases during early stages of differentiation (Li et al., 2006) . The level of HMGA2 protein decreases to levels lower than in HES cells during later stages of differentiation.
Brachyury, eomesodermin and VegT are T-box TFs and together they repress neurogenic genes and activate mesodermal and endodermal genes in Xenopus embryos (Gentsch et al., 2013) . In zebrafish embryos eomesodermin, in cooperation with Foxh1, activates genes involved in mesoderm and endoderm formation, while repressing ectodermal genes (Nelson et al., 2014) . The T-box TF, Tbx6, downregulates an enhancer for the neural progenitor cell marker gene Sox2 (Takemoto et al., 2011) . Homozygous mutation of Tbx6 results in mouse embryos with two ectopic neural tubes (Chapman and Papaioannou, 1998) . T-box TFs are not tissue specific. Eomesodermin is expressed in prospective mesoderm of early gastrulae of Xenopus, but at later stages it is expressed in some cells of the central nervous system (Ryan et al., 1998) . A T-box TF, Tpit, has a role in determination of the pituitary cell lineage (Lamolet et al., 2001) . Members of the Mix/Bix family of paired-like homeobox genes display dose dependent effects on germ layer determination. High levels of Bix1/Mixa4 and Bix4 expression cause transcription of endoderm-specific genes, while lower levels activate ventral mesoderm genes (Casey et al., 1999; Mead et al., 1996; Tada et al., 1998) .
In developing Drosophila 25 different TFs bind to thousands of sites close to a large percent of the genes (MacArthur et al., 2009) . They propose it is the quantity of TF bound, not the identity of individual TFs that regulates gene expression in vivo. Other examples of this view have been provided by Biggen (2011) . Reduced accessibility of TF binding sites (TFBS), not the absolute number of TFBS, reduces TF binding at later stages of Drosophila development (Li et al., 2011) .
TFs directing germ layer determination are not tissue specific, while some TFs involved in differentiation are tissue specific. There are numerous examples of transfected TFs converting one differentiated cell type into another cellular phenotype. These transdifferentiation experiments have been reviewed by Graf and Enver (2009) , Ludewig et al. (2013) , Morris and Daley (2013) and Van Oevelen et al. (2013) . Presumably these tissue-specific TFs operate by altering the gene network activated during cell and tissue differentiation. They do not necessarily reflect the repressive events that characterize the selection of cellular fate, i.e., determination.
Binding sites for transcription factors and chromatin proteins
Numerous studies have demonstrated that TFs bind specific consensus sequences or modifications of these sequences. In comparison, H1 histone, the HMG and polycomb proteins do not show sequence specific binding. H1 histone (Renz and Day, 1976) , HMGA (Reeves and Nissen, 1990) and HMGB (Pederson et al., 1991) preferentially bind AT-rich DNA sequences. HMGN outcompetes H1 histone for binding to chromatin (Bustin, 2001) , suggesting it also preferentially binds AT-rich sequences.
Most of the TFs functioning during germ layer determination bind short AT-rich consensus sequences and modifications of those sequences. Sox2 binds AACAAT (Denny et al., 1992; Gubbay et al., 1990; Laudet et al., 1993; Whitfield et al., 1993) and CATTGTT (Chen et al., 2008) .GATA binds (A/T) GATA/G (Tsai et al., 1989) . Oct4 binds ATGC AAAT (Chen et al., 2008; Falkner and Zachau, 1984; Parslow et al., 1984) . Nanog binds TAAT, TAATGC or CAAT (Loh et al., 2006) . Homeodomain proteins bind TAAT (Ekker et al., 1994) . Mix1 binds TAATTARATTA, where R is a 3 bp spacer between the palindromic sequences (Zhang et al., 2009) . Fox TFs bind AATAAAGC (Rojas et al., 2010) . The T-box TF eomesodermin, VegT and brachyury bind TCACAC CT, which is not AT-enriched (Conlon et al., 2001 ). However, Kispert and Herrmann (1993) identified a 20 bp consensus binding site for brachyury which contained 12 A or T bases. Mix genes are direct targets of T-box TFs (Pereira et al., 2012) and Mix TF binding sites are AT-enriched (Zhang et al., 2009) .
As noted, the binding sequences of the three pluripotency TFs are AT-enriched. Experimental reduction of expression of linker histone subtypes H1c, H1d and H1e in MES cells and mouse embryos prevents the normal decreased activity of Oct4 and Nanog which occurs during induced differentiation (Zhang et al., 2012) . Induction of wild type MES cell differentiation by removal of leukemia inhibitory factor (LIF), or by addition of retinoic acid (RA), induces accumulation of H1 histone and reduces Oct4 and Nanog gene expression (Zhang et al., 2012) . The repressive action of H1 histone on these two TFs may extend to other TFs active during germ layer determination. Sox1, 2 and 3 (Lefebvre et al., 2007) , T-box TFs (Conlon et al., 2001 ) and Mix1 (Zhang et al., 2009) are transcriptional activators at this time. They also may be repressed by H1 histone, perhaps because of similar AT-rich core binding sequences or motifs that are present as multiple copies.
Base composition of regulatory sequences and transcription frequency of mRNA
Germ layer determination involves restriction of alternative fates, but the molecular mechanism(s) involved are unclear. Although various TFs may select a given fate, their mode of function remains obscure. A common property of the chromatin proteins and most TFs that can experimentally change germ layer fate is that they preferentially bind AT-rich DNA sequences. The following presentation of data is intended to illustrate how the relative base composition of DNA sequences transcribing the non-coding portions of heterogeneous nuclear RNA (hnRNA) affects transcription frequency of these pre-mRNAs. Transcription frequency of germ layer-specific genes would then regulate the temporal and spatial parameters of germ layer determination.
From late gastrulation to an early tailbud stage of Rana embryos there is a significant decrease of AU% of poly (A +) nuclear RNA (hnRNA) (Pine and Flickinger, 1987) . On average, the decrease was from 69% AU to 53.6% AU (Table 1 ). The average AU% of endoderm poly (A+) nuclear RNA was 64.9%, as compared to 55.6% for dorsal ectoderm plus mesoderm. It was demonstrated that most of the restriction of transcription of AT-rich sequences occurred in the non-coding regions of poly (A+) nuclear RNA, i.e., the 5′-and/or 3′-UTRs and/or introns. In Xenopus embryos the amount of mRNA transcribed per cell decreases during early development (Shiokawa et al., 1981) . At both early and later stages of Xenopus development the endoderm transcribes significantly more "heterogeneous" RNA, which is likely pre-mRNA and mRNA, than ectoderm plus mesoderm (Woodland and Gurdon, 1968) . Taken together, the results suggest a positive correlation between AT-richness of DNA being transcribed into non-coding mRNA sequences and transcription frequency. One way in which AT-rich sequences would mediate a higher transcription frequency is these sequences may disfavor nucleosome formation (Peckham et al., 2007) . They note that the GC/AT ratio is the strongest single factor in determining nucleosome formation. In the human genome clustered TFBS in promoters and enhancers are AT-rich, as compared to surrounding sequences (Gotea et al., 2010) . More AT at such sites should decrease nucleosome occupancy (Peckham et al., 2007) . This would allow greater access to TFs and chromatin proteins (Li et al., 2011) .
A much lower amount of H1 histone/DNA in endoderm blastomeres also would allow a higher transcription frequency. At the late gastrula stage of Triturus development endoderm has about five times less H1 histone per DNA than the presumptive neural plate (Asao, 1970) . There was also about three times more H1/DNA in the animal hemisphere than in the vegetal hemisphere at a late blastula stage. In early tailbud stages of Rana embryos belly endoderm has about 2.3-fold less H1 histone/DNA than is present in dorsal axial ectoderm and mesoderm cells (Flickinger et al., 1986) .
The higher transcription of pre-mRNA and mRNA in endoderm blastomeres of Xenopus embryos (Woodland and Gurdon, 1968 ) may allow earlier determination of the endodermal germ layer. Endoderm determination is completed by an early gastrula stage (Heasman et al., 1984) , while neural determination is concluded by late gastrulation (reviewed by Wilson and Edland, 2001) .
Preferential binding of H1 histone to DNA sequences with a higher AT content (Renz and Day, 1976) predicts that H1 histone may act to repress endoderm-specific genes in presumptive ectoderm and mesoderm. Most of the TFs binding to chromatin DNA during germ layer determination bind AT-rich TFBS. AT-enriched TFBS have identical nucleotide sequences in presumptive ectoderm, mesoderm and endoderm. The higher transcription frequency of endoderm blastomeres (Woodland and Gurdon, 1968) likely is due to less H1 histone binding to AT-rich TFBS. The greater amount of H1 histone in ectoderm and mesoderm may be binding the AT-enriched TFBS that characterize endoderm blastomere determination. This repression of endodermspecific genes in ectoderm and mesoderm may partly account for ectoderm and mesoderm determination.
The 5′-and 3′-UTRs of vertebrate mRNA are AU-enriched (Duret et al., 1993) and this is true for introns of both cold blooded (Fortes et al., 2007) and warmblooded (D'Onofrio et al., 1991; Vinogradov, 2001) vertebrate mRNAs. The 5′-UTRs of abundant mRNAs contain 4-6% more AU than those of low abundance mRNAs of various eukaryotes (Kochetov et al., 1998) . These results are consistent with the idea Fig. 1 . Percentage hybridization of nuclear RNA transcribed from repetitive DNA of early neurulae, tailbuds and larvae. RNA was labeled in vitro with H 3 -dimethylsulfate. RNA samples were incubated with nitrocellulose filters containing 1.24 μg of denatured frog DNA for 48 h at 37°C in a NaCl-Na citrate-formamide solution. that AT-enrichment of the DNA sequences being transcribed in the noncoding regions of mRNA creates a potential for a greater transcription frequency.
Binding of AT-rich (60-70% AT) matrix attachment regions (MARs) of chromatin DNA to the nuclear matrix enhances transcription of adjacent genes (reviewed by Bode et al., 2003) . In a few instances MARs may be GC-rich. Tsutsui (1998) found that a synthetic GC-rich concatamer bound a nuclear matrix protein with an affinity equal to that of AT-rich MARs. However, it was the relative number of AAA and TTT patches that provided the binding capacity of the GC-rich artificial MAR for the nuclear matrix protein. Similar short A and T sites were detected in a normal mouse gene MAR. The frequency of these short degenerate A and T sequences, not the overall base composition of an MAR, may determine its relative binding affinity for the nuclear matrix. However, these short sequences may account for the AT-enrichment of many TFBS that are bound by TFs during the period of germ layer determination. These speculations likely apply only to tissue specific genes, which are characterized by AT-rich regulatory sites, not the GC-rich regulatory sites of housekeeping genes with their CpG islands.
Transcription factor binding sites and repetitive A tracts
Most human TFBS have 3-5 bp of A or T flanking the core motif (Jolma et al., 2013) . These sequences are termed A tracts. There are multiple TFBS in a single enhancer and most TFs bind multiple sequences with similar affinities (reviewed by Weirauch and Hughes, 2009 ). Together these findings suggest an important role for A tracts in binding TFs.
In Drosophila cells dinucleotide repeats (DRMs) are enriched in enhancers (Yañez-Cuna et al., 2014) . These DRMs consisted of CA, GA or GC repeats, but not AT. GA and GC dinucleotide repeats were located in regions of decreased nucleosome activity. In yeast both poly (dA.dT) and poly (dG.dC) can inhibit nucleosome formation (Iyer and Struhl, 1995) . This suggests repetition of sequence, not base composition, reduces nucleosome formation. While both of these homopolymeres reduce nucleosome formation, only poly (dA.dT) can act as a nuclear matrix attachment region (MAR/SAR) (Izaurralde and Käs, 1989) . In an in vitro system H1 histone bound A tracts containing short homopolymeres of A or T and this repressed transcription. (Zhao et al., 1993) . Added HMGA displaced bound H1 histone and relieved repression of transcription.
A tracts (3-5 bp) act to narrow the minor groove of chromatin DNA to facilitate bending (Rohs et al., 2009 ) and increase transcription (Gartenberg and Crothers, 1991; Plaskon and Wardell, 1978; Van Wye et al., 1991) . Although the complexity of the mRNA population almost doubles during development from an early neurula to a larval stage of frog embryos (Rana), the complexity of the nuclear RNA transcribed from single copy DNA is essentially similar at these two stages (Shepherd and Flickinger, 1979) . One possible explanation for these findings is that quantitative differences of nuclear RNAs accounts for the qualitative difference in mRNAs. The amount of mRNA (pg/cell/h) transcribed decreases during early development of Xenopus (Shiokawa et al., 1981) . Both the complexity (Fig. 1) and amount (Fig. 2) of repetitive DNA transcripts decrease from early neurula to a larval stage in Rana embryos (Daniel and Flickinger, 1971) . The quantitative decrease occurs due to decreased amounts of low frequency (less abundant) repetitive transcripts. Since transcribed repetitive sequences in Rana embryos are AT-rich (Pine and Flickinger, 1987) , this suggests the restriction of transcription of repetitive DNA is due to preferential binding of AT-rich sequences by H1 histone (Renz and Day, 1976) . This may provide the basis for quantitative regulation of mRNA transcription. -dimethylsulfate labeled nuclear RNA transcribed from repetitive DNA of early neurulae, tailbuds and larvae by successive additions of filters containing denatured frog DNA.
